Dye sensitized solar cells (DSSCs) 
I. Introduction
Dye sensitized solar cells (DSSCs) have attracted considerable attention due to their low cost and relatively high photovoltaic performance [1] [2] [3] .The DSSCs consist of photoanode, counterelectrode and electrolytes. The photoelectrode have semiconductor oxide layer like ZnO, TiO 2 and dye adsorbed into semiconductor oxide layer. On the other side, platinum or graphite acts as counterelectrode and iodine as redox couple electrolyte [4] [5] [6] [7] [8] . Transparent conducting oxide coated glass like ITO has been the main choice for the substrate material for the DSSC, due to its excellent op-tical, electrical and encapsulation barrier properties. As incident photons are absorbed by dye molecules, electrons are being injected from their excited states into the conduction band of the TiO 2 /ZnO nanoparticles and the dye molecule gets oxidized. Oxidized dye molecules are reduced by a redox electrolyte, which transports the positive charges by diffusion to a counterelectrode [9] [10] [11] [12] [13] . Efficient electron injection from excited state of the dye to TiO 2 plays an important role in DSSC [14] [15] [16] [17] . Zinc oxide materials have drawn the attention of researchers because of the wide band gap and its applications in electronics, photoelectronics and sensors [18] . The ZnO material possesses a wide band gap, low resistance and high light trapping characteristics that make it suitable for solar cells applications. The pure ZnO nanostructures show weak optical features that are result of point defects such as oxygen vacancies or interstitial Zn. Therefore, they cannot be used directly in the industry [19] . As a result, doping of ZnO with a convenient element can be used to modify optical and magnetic properties. Furthermore, in order to make optoelectronic devices, n-type and p-type states are needed [20] [21] [22] . The most commonly occurring lanthanide/transition metals are used as dopants. This is because these compounds have been widely used as high-performance luminescent devices, magnets, catalysts, and other functional materials. Many researchers have reported the influence of annealing temperature of doped ZnO film on the DSSCs performances [23] . Efficiency of the cell can also be improved by modifying the various parameters like thickness, porosity of semiconductor oxide photoanode and counterelectrode of DSSCs [24] [25] [26] . Sahu [27] reported the influences of dopant concentration and substrate temperature on the properties of the Ag-ZnO films. Duan et al. [28, 29] reported the synthesis of AgZnO films on Si substrates by DC reactive sputtering technique. The Ag doped ZnO films exhibit various optical and electrical properties that depend on the deposition temperature and silver content.
ZnO thin films can be synthesized by using different fabrication methods, including vapour phase processing approaches such as physical vapour deposition and chemical vapour deposition and wet solution processing approaches such as sol-gel process [30, 31] . Different techniques result in different properties of ZnO thin films [32, 33] . The sol-gel spin coating method has been widely adopted for the fabrication of transparent and conducting oxide due to its simplicity, safety, no need of costly vacuum system and applicability for large area coating. The sol-gel method also offers other advantages such as suitable surface morphology at low crystallizing temperature and the easy control of chemical components during sol-gel preparation [33, 34] . Proper selection of concentration and nature of dopants in host materials like ZnO may improve the photon to electron conversion efficiency of DSSCs. Different types of dopants offer much broader range of possibilities that favour the performance of DSSCs. For a case, doping of such type of materials in ZnO photoanode may have possibility to open new avenues for unique optical, structural and electrical properties that could be helpful in research and industry related to renewable energy sources with broad application perspectives.
In the present work, silver doped ZnO thin films were deposited on ITO glass by sol-gel spin coating. The aim of this work was to produce p-type doping of ZnO film/ITO substrate to be used in practical applications. The deposited ZnO films on ITO substrate act as photoanodes for dye sensitized solar cells. Structure and optical properties have also been investigated for ZnO thin film samples. The photovoltaic performance of assembled solar cells was analysed.
II. Experimental

ZnO and Ag doped ZnO sol preparation
Zinc acetate dehydrate (Sigma Aldrich) and silver nitrate (Sigma Aldrich, 99.9%) were taken as ZnO and silver precursors, respectively. Firstly 5.949 g of zinc acetate dehydrate was added into 25 ml of ethanol and stirred for one hour at 60°C and then monoethanolamine (Merck, 99% USA) was added into it. A clear and transparent ZnO sol was obtained after sometime and left at room temperature for 24 hours. Molar ratio of zinc acetate dihydrate and ethanolamine was maintained at 1 : 1 [33] . In addition to the pure ZnO, two doped ZnO sols with 0.5 and 1.5 mol% of silver were prepared by dissolving of appropriate amount of silver nitrate into acetonitrile (Sigma Aldrich 99.9%) and then added into stirred ZnO sol.
Photoanode preparation
Photoelectrode of ZnO and doped ZnO films were prepared by deposition of the obtained sols on ITO substrate via spin coating technique and scotch tape was used as a spacer. The speed of spin coater (MTI Corporation) was adjusted at 3000 rpm during one minute and then each film was dried on hot plate maintained at 180°C for 10 minutes for removal of extra solvents. For desired thickness of films the steps of coating were performed three times and then the films were annealed at 550°C for 1 h, with ramp rate of 10°C/min. The thicknesses of films were obtained in the range of 310-330 nm.
For sensitization purposes, the as-fabricated photoelectrodes were dipped in dye solution (mixture of 0.5 mM of N719 dye and ethanol) for 24 hours and washed with ethanol for the removal of extra dye and then dried.
Counterlectrode preparation
For the preparation of platinum coated ITO/glass counterelectrode, the solution was made from 5 mM PtCl 4 (Sigma Aldrich, 99.9%) in isopropanol. The solution was poured on ITO glass substrate and spun for 1 min at 2800 rpm. The platinum films were dried at 130°C for 15 minutes on the hot plate and then sintered at 400°C for 15 minutes for removal of extra solvents [22] . Finally, the light grey coloured films were obtained.
Assembling of DSSCs
For the complete fabrication of DSSCs the dye sensitized photoelectrode and counterlectrode were combined together and an electrolyte solution was injected between the electrodes. Electrolyte solution (brown coloured) was made from 0.05 M lithium iodide (LiI Sigma Aldrich, 99.9%) and 0.5 mM iodine (I 2 , Sigma Aldrich, 99.9%) in acetonitrile (Sigma Aldrich 99.9%) [22] .
Characterization techniques
The XRD patterns of the prepared films were obtained by Rigaku Miniflex 600 diffractometer (using Cu-Kα, scan speed of 0.5-2°/min and λ = 1.541 Å). The crystallite size D was calculated using Scherrer formula [35] :
where β is the full width at half maximum of the diffraction 101 peak, λ is the X-ray wavelength and θ is the Bragg's angle. The SEM images of the samples were studied by JEOL scanning electron microscope (SEM JEOL) and UV-visible transmission spectra were recorded by UV-visible spectrometer set up (SHI-MAZDU, UV 200-1000 nm). The photocurrent-voltage (J-V) characteristics of the assembled devices were measured using using AM-1.5 solar simulator (New Port Model, 96000) with xenon lamp (max. 150 W) and source meter (Keithley, Model 2400) at room temperature. Incident light intensity and active cell area were 100 mW/cm 2 (one sun illumination) and 1×1 cm, respectively. The thickness of the thin films was measured by Ellipsometer set up (Model No: HO-ED-P15, rotation range 70 degrees).
III. Results and discussion
Structural characterization
The crystallinity, crystallographic orientation and phase evaluation of the sol-gel spin coated ZnO films were examined by XRD measurements, as presented in Fig. 1 . The XRD pattern confirms that ZnO has hexagonal wurtzite structure [28, 29] . The main peaks of ZnO film correspond to the crystalline planes (100), (002), (101), (102) and (110) at angles of 32.68°, 35.34°, 36.68°, 48.16°and 57.32°, respectively. With 0.5 mol% doping of silver the peak corresponding to (101) plane shifted slightly to lower angle and again shifted to higher angle side at 1.5 mol% doping, which means that stress or strain were produced in the film. The intensity of XRD peak corresponding to plane (101) slightly degraded for the sample with 1.5 mol% of silver. From XRD analysis, the crystallite size corresponding to (101) plane of the pure and doped ZnO with 0.5 and 1.5 mol% silver were around 31, 30 and 25 nm, respectively. The slight degradation in peaks intensity found in the sample with 1.5 mol% of Ag is most likely due to the distortion in crystalline structure [36, 37] . Structural parameters of the films are presented in Table 1 . Figures 2a, 2b and 2c show the SEM images of ZnO, ZnO:Ag0.5% and ZnO:Ag1.5%, respectively. The SEM image of the pure ZnO film shows that there is a uniform arrangement of grains. The average grain size of ZnO was measured as 44.5 nm. The surface of the ZnO film doped with 1.5 mol% Ag seems to be smooth, compared to other samples. Figure 2 . SEM images of a) pure ZnO film, b) ZnO:Ag0.5% and c) ZnO:Ag1.5%
Optical properties
Investigation of optical properties of the sol-gel spin coated ZnO thin films has been performed by UVvisible spectroscopy and the results are shown in Figs. 3 and 4. The absorbance of ZnO films is in the range of 6-30% in the visible portion of spectrum. The absorbance of the ZnO films slightly increases with addition of 0.5 mol% Ag and decreases with higher amount of silver (1.5 mol% Ag).
The transmission of the ZnO films was in the range of 65-90% in the portion of visible spectrum. With the increase in doping to 0.5 mol% of silver the transmission of the film slightly decreases and then it increases for the ZnO film with 1.5 mol% of silver. The slight decrease in transmittance was due to rough and porous surface of the film, while smooth surface of 1.5 mol% ZnO has increased the transmittance. Sutanto et al. have also reported similar types of results in the case of ZnO films [38] . Kim et al. also reported the behaviour of absorbance for doped ZnO films [39] .
The band gap variations of ZnO-based films are shown in Fig. 5 . The optical absorption data were analysed using the relation of optical absorption in semiconductor near band edge [40] : where, E g is the separation between bottom of the conduction band and top of the valence band, h · ν is the photon energy and n is a constant. Value of n depends on the probability of transition; it takes values as 1 /2 and 2 for direct allowed and indirect allowed, respectively. The band gap of the pure and ZnO films doped with 0.5 mol% and 1.5 mol% of silver are 3.269, 3.235 and 3.257 eV, respectively (Fig. 5) . The narrowing of band gap with the addition of Ag is most likely due to the substitution of Ag 2+ into the Zn 2+ , according to the conclusions of similar study [41] . Presumably, Ag and O states are overlapped to form an impurity band, which shifts the Fermi level [42] . Silver doping in ZnO provides the impurity band in the energy gap, which could be due to the formation of the p-type in this substance. It should be mentioned that this reduction in energy gap led to the increased efficiency in the use of these materials in optoelectronic devices [43] . However, increase in the band gap of the material at high doping level has been reported due to the Burstein-Moss (MB) shift (Fig.  6 ) [44] [45] [46] . The Burstein-Moss shift in the material is the function of the carrier concentration. Figure 7 shows the UV-visible absorbance of the N719 dye loaded ZnO (undoped and doped) films in the wavelength range of 300-800 nm. The main absorbance peaks are observed at wavelengths of 310, 350 and 538 nm. The absorbance of the dye loaded ZnO film with 0.5 mol% of silver is the highest as compared to other samples. 
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Photovoltaic performances of DSSCs
The values of fill factor (FF) and efficiency (η) of DSSC were calculated by following equations:
where V OC is open circuit voltage, I S C is short circuit voltage, I m is maximal current, V m maximal voltage and P in is the input power provided to DSSC. The current-voltage characteristics of the fabricated DSSC are shown in the Fig. 8 , while the relevant data extracted from the curves are presented in Table 2 . The results of similar type of research work, reported by different researchers, are shown in Table 3 . The fill factor of ZnO, ZnO:Ag0.5% and ZnO:Ag1.5% is 0.47, 0.48 and 0.42, respectively. The current density was influenced by the dopants concentration. The calculated efficiency of the fabricated DSSCs with ZnO photoanode doped with 0, 0.5 and 1.5 mol% of silver are 0.42%, 0.44% and 0.27%, respectively. The DSSC based ZnO doped with 0.5 mol% of silver showed better photovoltaic performance. The amount of light absorbed by dye molecules increases scattering that leads to the large number of excited electrons and thus the highest performance was achieved for the film doped with 0.5 mol% of silver. The lower performance of the ZnO film doped with 1.5 mol% Ag is due to the degraded crystalline nature as compared to other samples.
IV. Conclusions
DSSCs were constructed with the pure ZnO and 0.5 and 1.5 mol% silver doped ZnO photoanodes, prepared by a simple sol-gel spin coating technique. The structural analysis confirmed that the prepared thin films consist of ZnO wurtzite phase. Further studies have also revealed that there was a change in the crystal structure that occurred with increasing doping concentration of silver. The structural observations indicate that Ag doped ZnO films have maintained the crystal structure at low doping concentration 0.5 mol%, but with 1.5 mol% doping it slightly degraded. The crystallite sizes, calculated from XRD data for 0, 0.5 and 1.5 mol% silver doped ZnO were obtained as 31, 30 and 25 nm, respectively. The transmission of ZnO film decreases at 0.5 mol% and again increases at 1.5 mol% of silver doping. The band gap values of the pure and ZnO films doped with 0.5 and 1.5 mol% of silver were measured as 3.269, 3.235 and 3.257 eV, respectively. The fill factor values obtained for ZnO, 0.5 mol% and 1.5 mol% silver doped ZnO were 0.47, 0.48 and 0.42, respectively. The calculated efficiencies of DSSCs based on the pure and ZnO films doped with 0.5 and 1.5 mol% of silver were 0.42, 0.44 and 0.27%, respectively. DSSC with ZnO film doped with 0.5 mol% Ag shows higher photovoltaic performance as compared to other samples. [48] 
